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TRANSITION AT HYPERSONIC SPEEDS* 
Mark V. Morkovin 
( A )  PREFATORY CONJECTURES ON TEE PAYSICS OF EIGE-H I N S T A B I L I T I E S  
( 1 )  Upstreaming and cross-flow s i g n a l  communication ( i n f l u e n c e )  i s  essen- 
t i a l  f o r  i n s t a b i l i t i e s  a t  supersonic  and hypersonic  speeds: MACK'S RULES of 
a l lowable  parameter zones,  Mack (1984). Figure 1 i l l u s t r a t e s  t h e i r  appl ica-  
t i o n  t o  i n s u l a t e d  f l a t  p l a t e s .  F igure  2 demonstrates r a d i c a l  changes i n  wakes 
as ups t ream in f luence  i s  almost cu t  o f f  by the  l o c a l  supersonic  reg ions  
i n d i c a t e d  by the  Mach waves. 
( 2 )  Therefore ,  t h e r e  w i l l  be preference  f o r  "more subsonic" skew waves 
( c o n t r a r y  t o  the  Squ i re  theorem) probably even i n  case of non l inea r  i n s t a b i l i -  
t ies .  Exceptions are  Mack's primary i n s t a b i l i t y  h ighe r  modes, F igures  1 and 
3 ,  which correspond t o  a c o u s t i c  t r app ing  of energy near  t h e  w a l l .  Trapped, 
they do not r a d i a t e  outward. The r e f l e c t i o n s  of t he  p re s su re  (Mach) waves a t  
t h e  wall  and t h e  s o n i c  l a y e r  i n  Fig. 3 are more e f f i c i e n t  f o r  non-skew 
waves. Secondary i n s t a b i l i t i e s  and "burst ing" ( i f  any) are l i k e l y  t o  have 
(h igh ly )  skewed geometries.  
( 3 )  The ampl i f ied  i n v i s c i d  modes start  and end a t  l o c i  of f a m i l i e s  of 
n e u t r a l  modes, F igure  1. One important  family i s  a s s o c i a t e d  wi th  t h e  
g e n e r a l i z a t i o n  of Rayleigh's " s l i d i n g  and rol l -up laminar" of " i n f l e c t i o n a l "  
* 
A t  t h e  reques t  of t h e  e d i t o r s ,  Morkovin's 4-s l ide p o s i t i o n  paper has been 
expanded t o  be more comprehensible t o  n o n s p e c i a l i s t s  and non-old timers. 
Research was supported under  t h e  Nat ional  Aeronaut ics  and Space Adminis t ra t ion  
under NASA Contract  No. NAS1-18107 while  t h e  au tho r  was i n  res idence  a t  t h e  
I n s t i t u t e  f o r  Computer Appl ica t ions  i n  Science and Engineer ing (ICASE), NASA 
Langley Research Center ,  Hampton, VA 23665. 
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i n s t a b i l i t y .  But t h i s  kinematic  motion now c e n t e r s  on the  l o c a l  maxima of 
This  
genera l ized  i n f l e c t i o n  poin t  moves t o  t h e  o u t e r  regions of the  boundary l a y e r  
mean - P ( ~ ) ,  - au t h e  angu la r  momentum, not t h e  v o r t i c i t y  - - au . 
a Y  
by M of 4 and t h e  a s soc ia t ed  evolved TS waves cease t o  be v iscous ly  
enhanced. Mack‘s h ighe r  modes then become primary suspec ts  f o r  t he  f i r s t  
i n s t a b i l i t y  on t h e  road t o  t r a n s i t i o n  on smooth walls. 
( 4 )  A t  r e l a t i v e  supersonic  speeds Reynolds stresses are generated 2 
p o t e n t i a l  u ,  v motion, r a d i a t i n g  energy away t o  t h e  f i r s t  order.  This  w i l l  
probably inc rease  t h e  importance of p re s su re  f i e l d s  (hyperbol ic  f i e l d s )  a t  
hypersonic  speeds and poss ib ly  modify t h e  s t r u c t u r e  of uns t ab le  and t u r b u l e n t  
hypersonic  w a l l  layers  f o r  M > 5. This  f e a t u r e  w i l l  a l s o  probably s a p  energy 
from p o t e n t i a l  p a i r i n g  of spanwise ( w z )  vort ices--which involves  v io l en t  
v ( x , t ) .  Amalgamation of equal  and unequal ( n e a r l y )  streamwise v o r t i c e s ,  w 
X’ 
should be much less l i m i t e d  and could poss ib l ey  dominate secondary i n s t a b i l i -  
t i es .  
.. 
( 5 )  C e n t r i f u g a l  i n s t a b i l i t y  and G o r t l e r  v o r t i c e s ,  w X’ should be 
I 
s i m i l a r l y  unimpeded. I n  f a c t ,  G v o r t i c e s  ev iden t ly  lead  t o  t r a n s i t i o n  on t h e  
t o p  and bottom of supe r son ic  tunne l  wal l s ,  where t h e r e  i s  concave curvature .  
There i s  a s e r i o u s  problem of computing growth rates, see H a l l  (1982, 1983). 
% 
( 6 )  Generat ion of streamwise v o r t i c i t y ,  w by i s o l a t e d  and d i s t r i b u t e d  
3-dimensional roughness may be as important  as a t  low speeds. 3-D roughness 
X’ 
I d e f i n i t e l y  causes t r a n s i t i o n  a t  supersonic  speeds,  bypassing t h e  known models 
of i n s t a b i l i t y .  Wall cool ing  makes roughness more powerful and dangerous. 
~ ( 7 )  However, 2-D s i n g l e  roughness (e.g., t r i p  wires) are inc reas ing ly  
I less e f f e c t i v e ,  because t h e  separa ted  mixing l a y e r  becomes more s t a b l e  wi th  
M. Bas i ca l ly ,  t h i s  i s  a s soc ia t ed  wi th  Mack‘s Rules on cross-s t ream in f luence ,  
see item (1)  above. The importance of the effect is illustrated in Figure 4 
F 
by the rapid decrease of the spatial amplification rate, -a or -k i i' 
with M as computed for mixing layers (shown in the inset) by H. S. 
Gropengiesser (1968) .  Figure 5 shows the corresponding effect on experi- 
mentally observed Reynolds number of transition, Ret. Note that for these 
experiments the acoustic sidewall radiation from tunnel walls increases more 
than linearly with M (which should decrease Ret substantially, contrary to 
the trend in Fig. 5). The stabilization is therefore stronger than the 
experimental rise in Fig. 5. 
(8) The nonlinear Vorticity-Stretching and Tilt Mechanism, so important 
in secondary instabilities, acts full force at high speeds, modulated by den- 
- 
sity stratification q(y). The mechanism probably insures the existence of 
turbulence at hypersonic speeds. 
(9) The Biot-Savart induction law survives only in a linearized form. We 
must also include the fact that its effect is propagated at the speed of 
sound: it operates within Mach cones. Such constraints on "interactions" are 
probably meaningful in the nonlinear, density-modulated reality, even in pre- 
sence of real-gas effects. 
(10) As at low speeds, transition will be generally forced by the 
disturbances in the free stream. Because of the body shock wave, the parabol- 
ic free-stream disturbances (vorticity, T~ and entropy-temperature 
spottiness, can influence the boundary layer directly only when their 
carrier-streamline enters the shock near its apex (near D in Figure 6a). 
they Together with the hyperbolic isentropic pressure disturbances, 
generally inf hence the layer at El, indirectly through the pressure 
=1 , 
fluctuations m2, resulting from their interaction with the shocks at E in 
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genera te  f i r s t - o r d e r  Fig. 6a and 6b. Small p e r t u r b a t i o n s  T 1  YO1 9 o r  
computable by post-shock d i s tu rbances  ' 2 ' 5 '  and e s p e c i a l l y  
l i n e a r i z i n g  shock equa t ions  and Four i e r  supe rpos i t i on ,  e. g. , Morkovin 
"1 
T 2  
(1960). I n  wind tunne l s  f o r  PI1 > 3, t h e  d i s tu rbances  are dominated by sound 
emanating from t u r b u l e n t  edd ie s  and roughness on t h e  s ide -  
" 1 9  
wave-packets, 
wa l l s .  I n  a tmospheric  f l i g h t ,  some v o r t i c i t y  T ,  may be p re sen t  but 
( a s  i n  tunne l s  with stream mixing up- densi ty- temperature  s p o t t i n e s s  u 1 
stream of t h e  t e s t  s e c t i o n )  and a e r o s o l s ,  d u s t ,  and mois ture  are probably t h e  
primary f o r c i n g  agents .  Recent ly ,  C. Donaldson suggested t h a t  p a r t i c u l a t e s  
may be l a r g e l y  r e spons ib l e  f o r  t h e  t r a n s i t i o n  i n  b a l l i s t i c - r a n g e  tests. Th i s  
c a l l s  f o r  c o n t r o l l e d  tests.  
(11)  F igure  6c i l l u s t r a t e s  how a roughness o r  
s u r e  a t  t h e  wa l l  may feed back a d d i t i o n a l  
Under t h e  extreme h e a t  genera ted  i n  hypersonic  
n 2  
temporary i n c r e a s e  i n  pres- 
type d i s tu rbances  a t  E'. 
f l i g h t  l o c a l  buckl ing  o r  
e r o s i o n  of s u r f a c e  i s  l i k e l y  as i n  ICBM f l i g h t s .  When three-dimensional,  such 
roughness a l s o  creates dangerous streamwise v o r t i c i t y :  i t e m  ( 6 )  above. 
(12)  A s  'Khan and Reshotko (1979) demonstrated a t  hypersonic  speeds,  
a t t e n t i o n  has  t o  be pa id  i n c r e a s i n g l y  t o  t h e  i n s t a b i l i t y  of t h e  combined 
e n t i t y  of t h e  en t ropy  l a y e r  and t h e  boundary layer .  P o s s i b l y  t h e  " re f lec-  
t i ons"  from t h e  shock wave, i l l u s t r a t e d  i n  Fig. 6c  w i l l  have t o  be taken  i n t o  
account  as w e l l ,  a t  h i g h e r  hypersonic  speeds. S t e t s o n  and DT (1984) found 
experimental  evidence of i n s t a b i l i t y  a t  M1 of 8 i n  t h e  en t ropy  l a y e r  of a 
b l u n t  body, which contaminated t h e  boundary layer .  It coincided approximately 
wi th  a one-sided maximum of t h e  angular  momentum of Sec t ion  (3). 
I 
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(B) ON THE STATE OF KNOWLEDGE OF HPPERSONIC TRANSITION 
b 
The Qual i ty  of our  Knowledge 
What do  w e  r e a l l y  know w e l l  enough t o  be a b l e  t o  p lan  r a t i o n a l l y  a 
program of r e sea rch?  o r  a des ign  c o s t i n g  b i l l i o n s ?  F i r s t ,  w e  must res tudy  
c r i t i c a l  reviews of t h e  pas t :  Reshotko (1976), Whi t f ie ld  and Dougherty (1977, 
wi th  its concluding s e c t i o n  e n t i t l e d  "Current S t a t e  of Confusion"), Morkovin 
(1969, 1977, 1978). Shor t ly  a f t e r  1977, most funding f o r  hypersonic  r e sea rch  
and t e s t i n g  was te rmina ted ,  adding an e x p e r i e n t i a l  and memory gap t o  our  pre- 
dicament. 
We should reemphasize genera l ized  Guidel ine No. 4, Reshotko (19761, 
recommending cross-checking and d u p l i c a t i n g  i n  d i f f e r e n t  f a c i l i t i e s  and 
through d i s t i n c t  computer codes of r e s u l t s  on i n s t a b i l i t i e s  and t r a n s i t i o n .  
-
Most of t h e  informat ion  covered by the  above reviews is  not b u t t r e s s e d  by such -
cross-checks and forms t h e r e f o r e  a dubious d a t a  base f o r  c o r r e l a t i o n s  and pre- 
d i c t i o n s .  Two h i s t o r i c a l  examples should i l l u s t r a t e  t h e  s e v e r i t y  of our  
u n c e r t a i n t y  predicament. 
Thirty years ago, a l s o  i n  March, twenty experts, similary assembled, con- 
cluded from f l i g h t  d a t a  on t h e  b lunt  nose of X-17 t h a t  e a r l y  t r a n s i t i o n  t a k e s  
p l a c e  a t  momentum th i ckness )  of 150 t o  300, d e s p i t e  t h e  h i g h l y  
s t a b i l i z i n g  f avorab le  p re s su re  grad ien t .  This  shocking BYPASS of expected 
i n s t a b i l i t i e s  v i t i a t e d  two ICBM nose-cone designs.  This  Blunt-Body Paradox 
Reg (8 = 
h a s  not  ye t  been r a t i o n a l l y  explained (!)  and remains a warning t o  explore  
p o s s i b l e  bypasses i n  des igns  involv ing  t r a n s i t i o n s ,  see Morkovin (1978). 
I n  t h e  s ix t ies ,  t h r e e  European c o u n t r i e s  cooperated on t h e  J a r i b u  MK.2 
P r o j e c t  where t h e  same instrumented parabolic-nose model was t e s t e d  i n  f l i g h t  
and i n  a ground f a c i l i t y .  Despi te  "almost p e r f e c t  aerodynamic s imula t ion"  a t  
-
~ 
M = 7.17, Lemcke, e t  a l .  (1970) and Naysmith (1970) reported agreement only on 
~ 
t h e  purely laminar and purely t u r b u l e n t  rate of hea t  t r a n s f e r  a long t h e  
I v e h i c l e  skin. Local R e t  of t r a n s i t i o n  i n  t h e  presumably a c o u s t i c a l l y  con- 
taminated tunne l  w a s  h ighe r ,  above lo6 even a t  ang le s  of a t t a c k  of 5'. I n  
t h e  presumably l i t t l e  d i s t u r b e d  f l i g h t ,  R e t  0.5 x lo6, 
f o r  undetermined reasons,  ano the r  set of d i sco rdan t  r e s u l t s .  How can such 
discordances be removed? The r e p o r t s  should w e l l  be read by a l l  p r e d i c t o r s  of 
high-speed t r a n s i t i o n .  
remained below ( ! )  
I L i s t s  of Open Questions 
I n  1971, t h e  a u t h o r  compiled a two-page l ist  of "Major Open Questions 
Relevant t o  (high-speed) Applicat ions,"  ( a l s o  i n  Mack and Morkovin, 1971). 
Only one conceptual  q u e s t i o n  seems t o  have been c l a r i f i e d  s i n c e  then  (by 
I 
I Lysenko and Maslov, 1981, 1984) namely t h e  n a t u r e  of t h e  dependence of Re t  
I r e v e r s a l  and r e r e v e r s a l  w i th  i n c r e a s i n g  w a l l  coo l ing  i n  supe r son ic  wind tun- 
ne l s .  I n  t h e i r  c l e v e r  experiments,  t h e  r e v e r s a l  was shown t o  correspond t o  
f r o s t  formation on t h e  w a l l ,  t h e  f r o z e n  d r o p l e t s  a t  f i r s t  forming e f f e c t i v e  
d i s c r e t e  roughness. (The roughness bypass a g a i n  rears i t s  ugly non-quantified 
head!) With f u r t h e r  cool ing,  t h e r e  is a tendency t o  form a wavy cons ide rab ly  
smoother f rozen  f i l m ,  t hus  moving t r a n s i t i o n  downstream again.  We can only 





t h e  phenomena. This  w i l l  have l i t t l e  r e l evance  f o r  f l i g h t ,  but it is essen- 
t i a l  t o  e x p l a i n  t h e  experimental  t r e n d s  vis-6-vis theory. 
I n  1987, w e  have t o  add t h e  problems a s s o c i a t e d  with real-gas e f f e c t s  and 
heat-induced s u r f a c e  changes t o  t h e  l i s t !  How many pa rame t r i c  degrees of 
freedom does t h a t  add? 
It would be presumptuous f o r  anyone t o  compose a l i s t  of suggested physi- 
c a l  or numerical experiments  f o r  d i f f e r e n t  high-speed and computer f a c i l -  
i t i e s .  One may educate  oneself  t o  become a cons t ruc t ive  c r i t i c  with r e spec t  
t o  such f a c i l i t i e s  but  only t h e  l o c a l  p r a c t i t i o n e r s  know t h e i r  t o o l s  w e l l  
enough t o  propose a program opt imal ly  s u i t e d  t o  t h e i r  f a c i l i t i e s .  See f u r t h e r  
comments on Des i rab le  Research and Development i n  Sec t ion  V i n  Morkovin (1969) 
which a l s o  states:  "Without organized cooperat ion,  t h e  p r a c t i c a l  open ques- 
t i o n s  of Sec t ion  I V  are u n l i k e l y  t o  f i n d  even p a r t i a l  answers i n  a reasonable  
time span. The U. S. T r a n s i t i o n  Study Group w a s  formed, under E. Reshotko, t o  
provide  some of t h e  n a t i o n a l  coopera t ion  i n i t i a l l y  on hypersonic  t r a n s i t i o n .  
Eighteen yea r s  l a t e r ,  n a t i o n a l  p re s su res  appa ren t ly  cannot w a i t  f o r  t h e  
resumption of a more fundamental  r e sea rch  program. Under t h e  circumstances,  a 
c ra sh  program such as o u t l i n e d  by D. Bushnel l  ea r l ie r  today seems reasonable ,  
provided s p e c i a l  a t t e n t i o n  i s  consc ien t ious ly  pa id  t o  t h e  p o s s i b l e  bypasses 
( i n  p a r t i c u l a r  t o  roughness-induced t r a n s i t i o n  which a l s o  governed t h e  S h u t t l e  
and t o  t h e  - r i s k s  involved i n  t h e  earliest  bypasses. 
Minimum R e  f o r  Se l f - sus ta ined  Turbulence at a Wall, RepUrbmin 
A t  very low Reynolds numbers, t r i g g e r e d  turbulence  damps ou t  though rela- 
t i v e l y  s lowly,  i.e., does not s u s t a i n  i t se l f .  For each f low geometry, Mach 
number, and w a l l  cool ing ,  t h e r e  is  a minimum Returbmin a t  which wall turbu- 
l e n c e  can s u s t a i n  i t s e l f  and develop downstream through t r a n s v e r s e  contamina- 
t i o n  ( a  bypass mechanism). With except ion  of t h e  case of low-speed f l a t  
p l a t e s ,  i t  seems t h a t  Returbmin i s  always lower than  t h e  c r i t i ca l  Recr f o r  
a m p l i f i c a t i o n  of i n f i n i t e s i m a l l y  small d i s tu rbances  (e.g., TS waves), t h e  low- 
e s t  R e  on t h e  n e u t r a l  curve. The cond i t ions  f o r  Returbmin have remained 
-
almost un inves t iga ted .  The more o r  less known cases ,  a l l  a t  low speeds,  are 
sketched i n  F igure  7. Note t h a t  f avorab le  pressure  g r a d i e n t s  s h i f t  
forward of R e c r  on b lunt  bodies though t h e  are not  Ret urbmi n 
known. It is p o s s i b l e  t h a t  t h e  1957 R e  = 150 c r i t e r i o n  e s t a b l i s h e d  on 
t h e  X-17 corresponds t o  f o r  hot  a c c e l e r a t e d  flows over cooled ax i -  
symmetric s t a g n a t i o n  flow regions.  The 1956-1960 NACA f l i g h t  tests added a 
dimensional cons ide ra t ion :  a s ty lus - ind ica t ed  roughness below 5 microinches 
8 
Returbmin 
r .m.s .  f o r  l amina r i ty ,  see d i scuss ion ,  pp. 46-47 of Morkovin (1969). 
When a des ign  i n  presence  of t r a n s i t i o n  involves  l i v e s  i t  would seem 
a p p r o p r i a t e  t o  use  t h e  conserva t ive  Returbmin f o r  t h e  lowest estimate. This  
is one area where numerical  experimentat ion may be h e l p f u l :  because of t h e  
-’ 
low R e ,  t h e  r e l evan t  t u rbu len t  scales should be r e so lvab le  on our advanced 
computers. I n t e n t i o n a l l y  h igh ly  d i s tu rbed  boundary l a y e r s  may e x h i b i t  u l t i -  
mately ( i .e .  f a r  enough from i n i t a l  cond i t ions )  decaying turbulence--evidence 
of Re below t h e  s e l f - s u s t a i n i n g  condi t ion .  The cases of Fig. 7 can be used 
~ f o r  c a l i b r a t i o n  a t  low M. 
The increment of Ret-design ove r  Returbmin i s  a measure of t h e  r i s k  
w e  are w i l l i n g  t o  undertake.  Any Retdesign c l e a r l y  needs unequivocal sup- 
-
- p o r t  from a s u f f i c i e n t l y  dense d a t a  base. If degrada t ion  of Re t  should occur  
b on a pro to type ,  i t  does matter whether i t  r e s u l t s  i n  a mere percentage de- 
crease i n  performance of t h e  v e h i c l e  o r  i n  more c a t a s t r o p h i c  consequences. It 
I i s  our  p r o f e s s i o n a l  r e s p o n s i b i l i t y  t o  convey t o  t h e  des igners  (who cannot be 
~ expected t o  a p p r e c i a t e  t h e  i n t r i c a c i e s  of mul t ip l e  i n s t a b i l i t i e s )  t h e  non- 
d e t e r m i n i s t i c ,  poor-s ta t i s t ica l - sample  q u a l i t y  of our t r a n s i t i o n  p red ic t ion .  
Perhaps t h i s  could be done by c a r e f u l l y  def ined  bracketed estimates, with 
e x p l i c i t  cau t ion  about bypasses.  
Major Difficulties and Opportunities 
One objective of unstinting cooperation is to collectively overcome the 
severe shortcomings of each of our tools, experimental, analytical or numeri- 
cal in the face of the very large number of parameters. The low-speed tech- 
niques that brought us the degree of understanding (except for roughness 
effects) of the sequence of instabilities leading to turbulence are essential- 
ly unavailable at high speeds. The inclement hypersonic environment (surface 
heating, large aerodynamic loading on instruments, poor disturbance or 
particulate control) for practical purposes precludes the needed higher-Re 
microscopic measurements and intentional perturbations which identified at low 
speeds the competing classes of primary and secondary instabilities, and the 
spreading and intermittent character of the transition phenomenon. Identifi- 
cation of potentially dominant primary instabilities and bypasses is crucial, 
as recognized in Bushnell’s program. Analysis and numerics may have to do 
much of that for us, along the lines outlined by L. M. Mack at this meeting. 
, However, it may be a provident signal that Mack (1986) reports a signifi- 
cant discrepancy between calculated instability modes and those inferred from 
hot-wire measurements of Stetson and TDS (1983) for as simple a body as a cone 
at zero angle of attack at M1 of 8! In absence of measurement of response 
to controlled monochromatic disturbances, the interpretation of evolution in 
x of broad environmentally induced spectra in terms of passive two- 
dimensional theory, where receptivity for each frequency f is assumed to be 
a delta function at the neutral curve, 6[x - x (f)], may bias the inferred 
results, but is unlikely to resolve the discrepancy of preferred f develop- 
ment. Nonhomogeneity in f of the reservoir fluctuations, their wave-packet 
and three-dimensional character, and some feature of the boundary layer not 
completely reflected in the theory may also contribute to the explanation. 
cr 
C r e d i b i l i t y  of t h e  theory is  e s s e n t i a l .  We need a r e s o l u t i o n  of t h e  
above cone d iscrepancies !  How otherwise  can any N-factor approach be con- 
s ide red  r a t i o n a l ,  even wi th  N = O ?  
Parameter Profus ion  and t h e  Unit-Re D i l e m m a  
Most of our  i n s i g h t s  came from mean flows wi th  s i m i l a r i t y  p r o p e r t i e s  and 
w e  are used t o  th ink  i n  terms of a s i n g l e  l o c a l  R e ,  most r a t i o n a l l y  based on 
l o c a l  boundary l a y e r  th ickness .  But i n  i n s t a b i l i t y  and t r a n s i t i o n  t h e  h i s t o r y  
e '  and cummulative growth of d i s tu rbances  matter g r e a t l y ,  not j u s t  l o c a l  Re  
Typ ica l ly ,  an unsteady d i s tu rbance  due t o  small roughness i n  a f avorab le  pres-  
s u r e  g rad ien t  a t  R e A  may evolve i n t o  a t u r b u l e n t  b u r s t  a t  R e  - 6ReA, 
but may a l s o  be damped o u t ,  depending on the  s t r e n g t h  of t h e  d i s tu rbance ,  t h e  
s t r e n g t h  and t h e  x - d i s t r i b u t i o n  of t h e  pressure drop. A s i n g l e  roughness by 
i t s e l f  corresponds t o  two Reynolds number, one based on i t s  x l o c a t i o n  and 
one on i t s  he ight .  
-
I n  compressible  f lows ,  p re s su re  g r a d i e n t s  change not  only t h e  free-s t ream 
v e l o c i t y  Ue a t  t h e  edge of t h e  l a y e r  but  a l s o  t h e  edge Mach number, i n  a 
nons imi l a r  fashion.  A t  incompressible  speeds,  t h e  Falkner-Skan fami ly  of 
p r e s s u r e  g r a d i e n t s  y i e l d  a continuous fami ly  of a m p l i f i c a t i o n  c h a r a c t e r i s t i c s  
f o r  each ( ! I  Re *, Wazzan, e t  a l .  (1969).  Now, a t  each R e  * t h e  growth 
rates depend a d d i t i o n a l l y  on M. The only (cursory)  t rea tment  of t h i s  problem 
i s  i n  Chapter 5 of Gapanov and Maslov (1980) us ing  t h e  inadequate  hnn-L in  
approximations.  Streamwise dependent wal l  cool ing  and w a l l  s u c t i o n  both add 
new f a m i l i e s  of growth-rate dependence a t  each nominal R e  *. Realis t ic  
spanwise z-dependence of a l l  t hese  f i e l d s  adds f u r t h e r  unexplored f a m i l i e s  of 




Furthermore,  r e c e p t i v i t y  t o  unsteady p res su re  g r a d i e n t s  depends s t r o n g l y  
on t h e  v a r i a t i o n  i n  x of t h e i r  ampli tudes,  Nishioka and Morkovin (1986). 
The f r e e  stram d i s t u r a n c e s  themselves cannot be cha rac t e r i zed  by any s i m p l e  
nondimensional parameters ,  s i n c e  wave-numer k and frequency f s p e c t r a  
d e f i n i t e l y  matter i n  the  response.  Even a t  low speeds,  our  ins t ruments  have 
n o t  y ie lded  t h e  f and k c h a r a c t e r i s t i c s  of t he  v o r t i c i t y ,  en t ropy ,  and 
a c o u s t i c  f l u c t u a t i o n  components of t h e  free-s t ream dis turbances :  t h e  t r u e  
i n p u t  i s  unknown i n  p r a c t i c a l l y  a l l  our experiment. 
P re sen ta t ion  of a l i t a n y  of needed unknown (and p a r t l y  unknowable) in -  
format ion  t o  engineers  wi th  des ign  r e s p o n s i b i l i t i e s  is u s u a l l y  resented  as 
non-construct ive and unhe lp fu l  . Researchers can pick out  t h e  problems they  
can  solve.  For each d e s c r i p t i o n  of an unknown o r  ununderstood e f f e c t ,  one can 
ask: "Is i t  important  t o  know?", "What f e a t u r e s  sugges t  which approach?", and 
t h u s  compose f o r  onese l f  a p r i v a t e  l ist  of p o s s i b l e  research  t a r g e t s .  A t  t h i s  
s t a g e  of hypersonic  r e sea rch ,  exp lo ra t ion  of conceptual  e f f e c t s  and t r e n d s ,  
* 
r a t h e r  than  numerical  R e t  p r e d i c t i o n s ,  are e s p e c i a l l y  func t iona l .  
Usual ly ,  t h e  des ign  engineer  w i l l  f a l l  back on va r ious  c o r r e l a t i o n s  of 
l i m i t e d  d a t a ,  o f t e n  q u i t e  ambiguous. T ime  and a g a i n  t h e  d a t a  w i l l  be p l o t t e d  
a g a i n s t  t h e  dimensional  Reynolds number p e r  u n i t  l eng th ,  ReL, t h e  preceding 
d i s c u s s i o n  of t h e  unknown f a c t o r s  should he lp  him understand t h a t  i n  such cor- 
r e l a t i o n s  t h e  phys ics  of a l l  t h e  c o n t r i b u t i n g  f a c t o r s  i s  lumped i n t o  t h e  UNIT- 
Re.  As such, t h e  c o r r e l a t i o n  must be a swath,  over  a l i m i t e d  range of R e L ,  
* 
Having had t h e  r e s p o n s i b i l i t y  f o r  f i n a l  t r a n s i t i o n  estimates i n  s e v e r a l  high- 
speed des igns ,  t h e  au tho r  empathizes wi th  t h e  f r u s t r a t i o n s  of t h e  des ign  
engineer .  
t h e  wider,  t h e  more d a t a  and ReL range a r e  inc luded ,  Morkovin (1974).  There 
i s  no myst ica l  UNIT-Re EFFECT (nor  Re/M dependence), v a l i d  ac ross  the  span of 
wind t unne l s ,  b a l l i s , i c  ranges,  v a r i a n t s  of shock tunnels ,  an atmospheric  
f l i g h t  t r a j e c t o r i e s .  Rather  t he  dependence on ReL r e f l e c t s  t h e  va r i ed  
environmental  d i s tu rbance  f a c t o r s ,  combined with the  e f f e c t s  of geometr ies  
w i t h  v a r i a b l e  wall temparatures  TW(x,z ,y) ,  Mach number M(x,z , t ) ,  h i s t o r y  of 
gradp(M,x,z , t ) ,  entropy l a y e r  development, roughness ( d i s t r i b u t e d  and i so-  
l a t e d ,  i nc lud ing  heat-induced swe l l ings  and gaps) and d i s t i n c t  r e c e p t i v i t i e s ,  
not t o  speak of real-gas  e f f e c t s .  These in f luences  cover a tremendous r ich-  
nes s  of l i n e a r  and non l inea r  phenomena. F igure  8, Notes on Leading Edges, 
i l l u s t r a t e s  t he  d i f f i c u l i t i e s  f o r  t he  r e l a t i v e l y  s imple case of f l a t e  p l a t e s ,  
which of course must  have f i n i t e  t h i ckness  2RN. Far downstream t h e  
asymptot ic  l a y e r  is approached, but  t he  nose s t r o n g l y  a f f e c t s  t h e  growth rates 
and t r a n s i t i o n  and causes  dependence on t h e  u n i t  Re. 
No r e l i a b l e  methods of connect ing d a t a  from tes t  f a c i l i t i e s  t o  atmos- 
p h e r i c  f l i g h t  has been advanced. No wonder t h e r e  remains seeming cont rad ic-  
t i o n s  i n  R e t  measurements by d i f f e r e n t  workers,  e.g., t h e  o ld  coo l ing  
cont roversy ,  see pp. 50-52 of Morkovin (1969). Unless induced by probe i n t e r -  
f e rence ,  t h e  observed e f f e c t s  probably d id  occur. They simply may be loca ted  
c 
i n  d i f f e r e n t  reg ions  of t he  more complete mult idimensional  parameter-phase 
space,  without con t r ad ic t ions .  A s  such, they r e g i s t e r  as d i f f e r e n t  branches 
of t h e  swaths i n  t h e  p r o j e c t i o n  onto t h e  ReL ( o r  o t h e r  parameter) subspace. 
It i s  not  a co inc idence  t h a t  a l l  t h e  d i s c u s s i o n  of theory i n  Sec t ion  B 
r e f e r r e d  t o  l i n e a r  theory.  There i s  simply no information on secondary and 
h ighe r  i n s t a b i l i t i e s .  It i s  u n l i k e l y  t h a t  improvements i n  in s t rumen ta t ion  and 
hypersonic  f a c i l i t i e s  w i l l  be a b l e  t o  r e so lve  t h e  secondary f i e l d s  i n  t h e  
author 's  l i f e  time. However, w e  may not need t o  know much beyond t h e  more 
" c u l t u r a l "  conceptual  l i k e l i h o o d  of occurrence! A s  noted,  Bushnell's emphasis 
on bes t  l i n e a r  theory is  c o r r e c t  provided equal ly  s e r i o u s  sea rch  f o r  bypass 
p o s s i b i l i t i e s  is  undertaken. 
I n  an honest ,  unpressured research  program, w e  must v a l i d a t e  t h e  l i n e a r  
t h e o r i e s  t o  t h e  b e s t  of our a b i l i t i e s .  The l i n e a r  Physics  of Sec t ion  A is  
probably c o r r e c t  but  may need a d d i t i o n a l  a t t e n t i o n  t o  body and streamwise 
curva ture .  (The mean U(x,y,z) p r o f i l e s  - must be a c c u r a t e  f o r  any r e spons ib l e  
usage of N-factor philosophy).  Mack and Kendall  showed us  how t o  approach t h e  
problem. For non-bypass problems, w e  must aim a t  
CONTROLLED MICROSCOPIC EXPERIMENTS DESIGNED I N  CONJUNCTION wi th  THEORY 
and NUMERICAL EXPERIMENTS. 
Only such coopera t ion  can c l a r i f y  t h e  mechanisms r a t h e r  than  add t o  t h e  
l a r g e  number of d i sc repanc ie s  between s t a b i l i t y  and t r a n s i t i o n  information.  
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Fig. 1: Wave numbers ZlrL*lh * corresponding t o  i n v i s c i d  compressible  
i n s t a b i l i t i e s  i n  i n s u l a t e d  f l a t - p l a t e  boundary l a y e r s .  
S t a r r e d  symbols are dimensional v e l o c i t i e s  and lengths  r e f e r r e d  t o  f r e e  
(which is proportional t o  boundary and L* = (u * x * /U1) * 'I2 u; stream 
l a y e r  t h i ckness  g iven  i n  Table  11.1 of Mack, 1984). 
a t h e  i n f l e c t i o n a l  n e u t r a l  modes, a l l  t r a v e l  wi th  t h e  same * * 
S 
s n; 
i phase speed c = U (ys) and have ad jacen t  reg ions  of a m p l i f i c a t i o n  i f  c 
.L. S 
is  subsonic  with r e s p e c t  t o  Ui. 
- -  - a  t h o s e  n o n i n f l e c t i o n a l  n e u t r a l  modes which t r a v e l  wi th  t h e  
In'* * * 
f ree-s t ream, c1 = U1; t hey  have neighboring amplifying modes wi th  c < U; 
whenever a y reg ion  i n  t h e  l a y e r  has  r e l a t i v e  supersonic  speed,  
* 
The mode a long  t h e  h o r i z o n t a l  a x i s  a = 0, with  phase speed c s o n i c  
* 
r e l a t i v e  t o  U; i s  a l s o  n e u t r a l .  
Unstable  modes are loca ted  between n e u t r a l  curves;  f o r  M1 > 4.5 t h e  
f i r s t  mode extends t o  the  r i s i n g  "anomalous f a u l t  l i n e "  and ove r l aps  inc reas -  
i n g l y  wi th  Mack's i n s t a b i l i t y  modes. 
- I  F- 






generated by a f l a t  p l a t e  normal to the stream. 
Mach number i n h i b i t i o n  of upstream influence i n  a se l f - exc i t ed  wake 
Dyment and Gryson (1978) 
-1 0- 
c 
Fig. 3: Mack's n e u t r a l  t rapped a c o u s t i c  mode as viewed from t h e  r e f e r e n c e  
frame t r a v e l i n g  wi th  mean speed a t  t h e  gene ra l i zed  i n f l e c t i o n  po in t  ys. 
Harmonic v o r t i c i t y  and entropy p e r t u r b a t i o n s ,  t r a v e l i n g  along y1 ( t h e  h e i g h t  
of t h e  s o n i c  speed r e l a t i v e  t o  y,), are shown phase-tuned t o  coupled t rapped 
a c o u s t i c  p e r t u r b a t i o n s  t r a v e l i n g  t o  t h e  w a l l  and back along Mach l i n e s ,  s t e a d y  
i n  t h i s  frame of reference.  
The r e f l e c t i o n  a t  t h e  s o n i c  s t r e a m l i n e  changes compression t o  expansion 
and v i c e  v e r s a  ( t h e  e s sence  of t h e  t r app ing) .  As a geometr ical  consequence, 
p e r f e c t  phase coincidences a t  any Mach number occur only f o r  wave number 
i n  t h e  exac t  r a t i o s  t o  a l l  of 1, 3, 5...2n-1. This i s  t h e  p rope r ty  of 
Mack's n o n i n f l e c t i o n a l  n e u t r a l  mode f a m i l i e s  shown as d o t t e d  l i n e s  i n  Fig. 1. 
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Fig. 5: Variation of Retr with M and cooling in compressible mixing 




Fig. 6 :  Forcing of f l u c t u a t i o n s  i n  t h e  boundary l a y e r  a t  E' by free-s t ream 
d i s tu rbance  modes, v o r t i c i t y  T, ent ropy  s p o t t i n e s s  u, and sound 71, is  
i n d i r e c t .  I n t e r a c t i o n  of each mode wi th  t h e  bow shock wave gene ra t e s  a l l  
t h r e e  modes downstream of t h e  shock ( s u b s c r i p t s  2). I n  ( c ) ,  pres su re  d i s tu rb -  
ances i n  the  l aye r  are shown t o  feed back t o  t h e  l a y e r  a f t e r  i n t e r a c t i o n  wi th  
t h e  shock. A t  hypersonic  speeds,  t h i s  e f f e c t  could lead  t o  new resonance in-  
s t a b i l i t i e s  of t h e  fused  en t ropy  l a y e r  and boundary l a y e r  up t o  t h e  shock. 
c 
This  schematic  i l l u s t r a t e s  wind-tunnel cond i t ions  where sources  of 
o s c i l l a t o r y  d i s tu rbances  are f ixed ,  e.g. p r e s s u r e  waves due t o  s ide-wal l  
roughness. When t h e  sou rces  are moving, t h e i r  motion g e n e r a l l y  causes  E 
and E' t o  move and f u r t h e r  complicates  a n a l y s i s .  
Flat Dlate 
L 
x 0 Re ,mint - Re e c r  - 200 
G 
t 
Attachment line on swept wing 
G B vortices 
___t 
Precr i t ica 1 Post critical 
Cy1 inder magnitudes ReD-dependent 
Pipe - -
- 2300 equilibrium puffs << Recr --t 
R e ~ m i n t  - 2700 wall bursts, slugs 
Large aspect ratio ducts --[ 2h 
I 
.- 1500 riori-decaylng . t b l  po tc t i  << Rehcr -- 5700 Rchm I n t 
Fig.  7 :  Minimum Re € o r  se l f - susta ined turbulence compared t o  l i n e a r  
c r i t i c a l  R e  f o r  T-S l i k e  i n s t a b i l i t i e s .  
-_  . -  
/Mach Mad 
Extra  c h a r a c t e r i s  t i c  Length  --- 
A t  s u p e r s o n i c  speeds  f i n i t e  c a u s e s  s t r o n g  shock and entropy-  
t empera tu re  r ise i n  l a y e r  on t h e  o r d e r  of RN which changes h e a t  t r a n s f e r  
and ReL 3 Ve/ve o v e r  t h a t  of an " i n f i n i t e l y "  s h a r p  p l a t e .  
Double dependence of €low on R e N  and Rex  causes  a n o t h e r  1-J 
wwc 
e f f e c t  on s t a b i l i t y  c h a r a c t e r i s t i c s .  
The f low is  non- s imi l a r -wou ld  need very expens ive  computing for any 
g i v e n  r e a l i z a t i o n .  
Find R e t r  f o r  s e v e r a l  b l u n t n e s s e s :  -Experiment a 1  p rocedure  : 
E x t r a p o l a t e  t o  R N  = 0. 
A t  low speeds ;  problems ( a ) + i n d u c t i o n  of a d v e r s e  a p / a x  -
(b)*shaping t o  p reven t  s e p a r a t i o n  bubble!  
Too many expe r imen t s  ( i n c l u d i n g  Russ i an  s t u d i e s  of n e u t r a l  c u r v e )  assume 6" 
of BLASIUS BL w i t h  thes .  o r i g i n  a t  nose. There is a v i r t u a l  o r i g i n  xo f o r  
far downstream BL p ro f i l e s !  . -
* 
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